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An electronic detector of surface plasmon polaritons (SPPs) is reported. SPPs optically excited on a metal surface using a prism coupler are detected by using a close-coupled metal-oxide-silicon (MOS) capacitor. Incidence-angle dependence is explained by Fresnel transmittance calculations, which also are used to investigate the dependence of photo-response on structure dimensions. Electrodynamic simulations agree with theory and experiment and additionally provide spatial intensity distributions on and off the SPP excitation resonance. Experimental dependence of the photoresponse on substrate carrier type, carrier concentration, and back-contact biasing is qualitatively explained by simple theory of MOS capacitors. Surface plasmon polaritons (SPPs) are electromagnetic waves bound to the surface of a conductor. SPP fields decay exponentially into the dielectric medium above the surface. Direct detection schemes for SPPs have recently been reviewed. 1 Of particular note are devices comprising an Otto coupler, 2 in which a prism allows excitation of an SPP directly on a nearby metal, and where this metal is a semi-transparent metal contact of a photodetector, such as a Schottky diode. 3 The fields of this SPP induce internal photoemission of hot-carriers within the contact metal, or they penetrate the semiconductor to excite electron hole pairs, which are electrically detected. Here, we present the detection of SPPs on the metal layer of a Kretschmann prism-coupler 4 by bringing a metal-oxide-silicon (MOS)-capacitor into proximity of the SPP fields.
Electrical sensing of SPPs by a close-coupled photocapacitor comprising transparent conductor, dielectric, and semiconductor has been described in our preliminary reports. 5, 6 The sign of the transient photocurrent depends on carrier type, the photoresponse is maximum at intermediate resistivity values, and the response can be amplified or extinguished by suitable substrate bias. Combined angle-and wavelength-dependence for resonant excitation of surface plasmons suggests applications to spectral sensing and imaging. Fig. 1 presents a schematic of our experiment. Electromagnetic radiation is internally incident on a thin metal film on the long face of a Kretschmann prism coupler, 4 where SPPs are excited at a particular frequency determined by the internal incidence angle. In usual Kretschmann couplers, SPPs are excited beyond the total internal reflection angle, so that no light is transmitted into free space beyond the metal coated surface of the prism. However, in our device a photocapacitor is close coupled to the active prism surface via a sub-micron air gap, so that it is able to "pick-off" some of the evanescent fields of the SPP in a process similar to frustrated total internal reflection. However, because there is a transparent conductor on the top surface of the close-coupled photocapacitor, the device might be better described as a hybrid Kretschmann-Otto coupler. In the Kretschmann coupler, the SPP lives on a thin layer of metal on the prism. In the Otto coupler, 2 the SPP lives on the metal surface that is separated by an air gap from a bare prism. In the hybrid structure, the SPP might be shared between both metal layers. This situation is suggested by the intensity distribution in the schematic air gap, where most of the SPP is on the Ag layer, while less of the SPP exists on the Au layer. Our Au layer is thin enough for light to be transmitted through it, thence through the oxide, and finally into the silicon, where it is absorbed. The resulting photo-induced minority carriers are attracted by band-bending to the oxide-silicon interface, inducing a transient displacement current in the capacitor. This photocurrent is amplified by a current amplifier with internal 50 Ω input load resistance. DC biasing the blanket back contact changes the depletion width and bend-bending, which amplifies or suppresses the photo current. This paper explains and investigates the angle-dependent response spectrum. It reveals the intensity distribution in all layers, showing that the device is primarily of Kretschmann type. It presents and explains the dependence of the photoresponse on substrate carrier type, concentration, and biasing. The subject device is a plasmonic-to-electronic transducer, with potential application to proposed plasmonic integrated circuits and sensors. In particular, spectral sensing and imaging is a potential application, where different wavelength targets depend on choice of materials and SPP excitation methods. [7] [8] [9] [10] [11] [12] [13] Fabrication details for Fig. 1 device have previously been published. 5, 6 The Ag/air/Au/thermaloxide layers had nominal thicknesses 45/600/30/280 nm. The air-gap provides dielectric contrast necessary to excite SPPs, represented schematically in Fig. 1 by a decaying intensity distribution that extends into the silicon through semitransparent metal and oxide. An on-off modulated, TM-polarized, 651 nm wavelength laser is internally reflected from the metalized prism face at an internal incidence angle θ i . Angular uncertainty is ∼0.3
• . Displacement current in the capacitor is amplified by a current preamp.
Dependence of MOS photocurrent on substrate conductivity type, concentration, and biasing is investigated independently of the SPPs and prism coupler using a chopped HeNe laser at 632 nm wavelength. The chopped incident laser signal is sampled with a reference detector to verify the sign of the transient photocurrent. For these samples, oxide is either thermally grown with 1 µm thickness, or plasma-enhanced-chemical-vapor-deposited (PECVD) with 280 nm thickness. The former allows larger substrate bias without leakage.
Theoretical angle-dependent transmittance into the silicon and reflectance from the layers is obtained from multilayer Fresnel calculations.
14 Numerical values are calculated from the analytical formulas using Mathematica for the case of light that is TM-polarized, the necessary polarization for SPP excitation. The BK7 incidence medium and Si exit medium are taken to be semi-infinite.
Complex permittivity values at 651 nm wavelength for BK7/Ag/air/Au/oxide/Si are taken to be 2.294/(−17.2029 + 1.162i)/1/(−9.909 + 0.7308i)/2.122/(14.7992 + 0.123i). All values are from Palik, 15 except for BK7 which is from the material data sheet. The silicon substrate is p-type with resistivity 10-25 Ω-cm. When heavily doped substrate of <0.005 Ω-cm resistivity is used, there is no measurable photoresponse. The photoresponse curve is scaled to have the same magnitude as the calculated transmittance. The thicknesses of the metals, air gap, and oxide are manually adjusted in the calculation until there is reasonable match with the angular position and width of the measured resonance. The best choice of thicknesses in the calculation for the Ag/air/Au/oxide layers is 50/900/15/260 nm, which differs somewhat from their nominal values. These differences are within fabrication and measurement tolerances. Moreover, differences in permittivities for very thin metals from published bulk values 17 may affect the best fit values of thicknesses for those films. The photocurrent peaks close to the SPP resonance angle defined by the minimum in the reflectance curve. The secondary measured peak at higher angles is due to back-reflection from the exit facet of the prism, 6 since the two peaks are symmetric about 45
• and converge to this angle as the wavelength is decreased.
The usual evidence for excitation of an SPP in a Kretschmann coupler is the reflection dip that appears above the critical angle, as shown in our Fig. 2 . The characteristics of such dips have been amply explained in the literature in terms of SPP theory based on material permittivities, with emphasis placed on the in-plane-momentum-conserving coupling condition. However, it is important to note that the full reflectivity curve for Kretschmann couplers is always calculated with perfect accuracy using standard Fresnel formulas. In this sense, the excitation of the SPP might alternatively be described as a Fabry-Perot resonance inside the extremely lossy metal layer, with corresponding enhancement of the local intensity. That the calculated transmittance resonance, which corresponds to the similarly calculated SPP-identified reflectivity minimum, coincides with the photocurrent resonance is evidence that the photocurrent is generated by fields of the excited SPP.
Lumerical FDTD Solutions software is used to investigate the electrodynamic fields within the layer structure with these results being presented in Fig. 3 . The dimensions and optical constants are taken to be the same as for the Fresnel calculations plotted in Fig. 2 . The squared magnitude of the electric field is plotted as a function of position normal to the surfaces. Different angles of incidence θ i are considered in steps of 0.02
• . The curve for R vs. θ i obtained from the simulation agrees perfectly with the curve in Fig. 2 . The minimum in R is found at the resonance angle 42.98
• , and the intensity distribution at this angle is plotted in Fig. 3 . Also plotted are simulation results at 45
• , which is well off resonance. A number of observations can be made in Fig. 3 . The on-off resonance intensity ratio of ∼2 for the near fields within the prism includes the incident wave, but the ratio of the intensity in the far fields (not shown) accurately reproduces the ratio in Fig. 2 reflectivity curve. There is strong attenuation within the metals, but the intensity is higher on resonance than off, especially on the air-gap side of the Ag layer. The intensity at the Ag-air interface is 26× larger on-resonance than off, a clear indication of the resonant excitation of an SPP, whose intensity decays exponentially across the air gap as it should. Only a slight upturn in the intensity is observed at the air-gold interface, showing that the Otto-coupling effect is very weak. In other words, our structure is best described as a Kretschmann coupler with a photo-capacitor that samples just the tail of the SPP intensity distribution and only slightly perturbs the SPP fields. The field that penetrates into the silicon is ∼150× stronger on resonance than off. The silicon absorption coefficient determined from the decay is 0.32 µm −1 at λ = 651 nm wavelength, which agrees very well with the value 4πκ/λ determined from the published extinction coefficient κ. decaying tail of the SPP, and the peak decreases. For 1000 nm oxide, the peak is still growing at 1000 nm air gap because the two transmission resonances continue to merge. On the other hand, as the air gap is reduced below 900 nm, the transmission resonance gradually spreads out over a broader range of angles, and the peak transmittance becomes less. In other words, it gradually loses the character of a resonance. This is easy to understand, by considering the limit of zero air gap. Then the index discontinuity of the resulting prism/metal/silicon structure would have the wrong sign for the excitation of an SPP. There would be no total internal reflection, and transmission would be spread over all angles. Fig. 5 presents calculated photoresponse resonance angle, resonance full width at half maximum (FWHM), and peak transmittance for various air gaps and oxide thicknesses. Results show that the angle for resonant photo response tends to oscillate by up to ∼0.5
• with changing oxide thickness. The phase of the oscillation is independent of air gap. The oscillation amplitude is smallest for larger air gaps. Since the air gap thickness has the highest uncertainty of all the layers due to the challenge of precisely mating prism to capacitor, larger gaps would be favorable for applications that require consistent resonance angle.
The full width at half maximum (FWHM) of the resonance also oscillates with gap-independent phase. The sharpest response resonances occur for the largest air gap, and for these the oscillation amplitude is smaller. Since sharp resonances are usually desirable for applications, this consideration also favors larger air gaps.
Peak transmittance is observed to oscillate between about 24% and 38% with changing oxide thickness. The phase of these oscillations here depends on the air-gap thickness. The minimum amplitude of the oscillation occurs for the smallest air gap, but there is hardly any dependence of the maximum transmittance on air gap for the range of gaps considered. Since it is easy to control oxide thickness, there is not much reason to favor small air gaps based on these transmission data. Strong photoresponse can be achieved with the larger air gap by carefully controlling the other layer thicknesses. On the other hand, Fig. 4 shows that the peak response will eventually decline as the MOS sensor is moved farther from the prism, due to the decay of the evanescent SPP fields. The oscillations with oxide thickness observed in all three parts of Fig. 5 are not surprising, because the multi-layer structure consists of multiple Fabry-Perot cavities.
The observed photoresponse and dependence on doping sign, resistivity, and bias are qualitatively explained by the simplest MOS model. 18 This model ignores non-idealities such as differences in metal and semiconductor work functions, oxide charges, interface traps, and induced charges. In particular, it assumes that flat band conditions occur at zero bias, which if true would mean no collected photocurrent in the absence of an applied bias, in contradiction to what we actually observe. Thus, this model is not expected to be quantitatively accurate, but it is instructive nevertheless.
First we note that the sign of the observed photocurrent is consistent with flow of photoinduced minority carriers toward the substrate/oxide interface. Namely, the photocurrent is negative for p-type and positive for n-type silicon. 6 For example, electrons that are photo-generated within the depletion region under the metal top contact on p-Si are swept toward the contact by the electric field in the bent-band region.
The next observation is the dependence of photoresponse magnitude on doping level. The photoresponse is zero for low-resistivity substrates, strongest for intermediate resistivity, and very small for high resisitivity. 6 Minority carriers are photo-excited to a depth ∼1/α, where the absorption coefficient α for Si at 632 nm wavelength has the value 0.31 µm −1 , 15 giving an optical penetration depth of ∼3 µm. Only those minority carriers generated within the depletion region, where there is band bending, contribute to photocurrent. The maximum possible depletion width W T occurs at the threshold between depletion and inversion bias conditions, and W T decreases as inverse square root of doping concentration (see Fig. 16 .9 in Ref. 18). The heavily doped substrates investigated (1-7 mΩ-cm) have W T < 10 nm, which is 300 times smaller than the optical penetration. A reduction in the collection of photo-generated minority carriers by this factor puts the photoresponse below our noise level, in agreement with observations.
The low-doped samples studied had resistivity 3000 Ω-cm, for which W T exceeds 20 µm, which is 6× more than the optical penetration depth. Thus, all of the photo-generated carriers are within the depletion width and would be collected, if there are no other factors at play. In fact we see only a very small signal for such lightly doped substrates. We suggest that the transient photocurrent is inversely proportional to capacitive reactance, i.e., it is proportional to capacitance C, which decreases with increasing W T . Additionally, the finite minority-carrier diffusion length may limit collection of those carriers photo-generated far from the top contact.
Interestingly, for the studied samples with intermediate resistivity (∼10 Ω-cm), which gave strong photo-response, W T is ∼1 µm, which is just 3× smaller than the optical penetration depth. Based on the foregoing considerations, we might tentatively expect even stronger photo-response with a substrate resistivity closer to 100 Ω-cm.
We note that the actual depletion width W at zero applied bias should be less than W T . In the over-simplified model considered in this discussion, zero bias implies flat-band conditions with W = 0, such that no photo-carriers would be collected. That we do collect photo-carriers, means unsurprisingly that at least some of the non-idealities mentioned above must exist, so that flat-band is displaced from zero bias. Thus, depending on its sign, applied bias can either increase or decrease W and the collected photocurrent, which is in qualitative agreement with results presented Fig. 6 . The simple theory suggests that W should increase as the square root of bias at sufficiently high bias, until it saturates at W T for bias values well within our range. That Fig. 6 indicates no tendency to saturate is another indication that the theory considered is too simplified for accurate quantitative analysis. Our MOS capacitors are too poorly characterized to justify analysis by a more complete model that includes non-idealities, about which we have no definite information. At least the sign of the bias effect is in agreement with the simple model, namely positive substrate bias increases the photoresponse for n-Si and decreases it for p-type, and sufficient bias of the same sign as the conductivity type can extinguish the photoresponse entirely.
The largest photocurrent achieved in any sample with suitable bias and 0.002 times attenuation on the 0.5 mW HeNe laser with ∼1 mm 2 spot is sufficient to saturate the preamp. This photocurrent, therefore, exceeded the 10 nA preamp input limit. This allows us to estimate that the best response achieved is 10 mA/W. In summary, detection of surface plasmon polaritons (SPPs) by an MOS photocapacitor was demonstrated. Dependence of the response on substrate carrier type, carrier concentration, and back-contact biasing was reported and qualitatively explained by simple MOS theory. Layer thicknesses were theoretically investigated to reveal conditions for the strongest and angularly sharpest resonant response to SPPs excited on a Kretschmann prism coupler. Electrodynamic simulations were in agreement with theory and experiment and additionally verified the field distributions expected for a Kretschmann coupler.
We note in conclusion that SPP effects are usually determined from measurements of free space optical beams, not from direct measurements of the SPP fields themselves. For example, surface plasmon resonance (SPR) biosensors based on Kretschmann couplers measure reflected light in the far field, i.e., the "R" in Fig. 1 . In this paper, we have demonstrated a near-field detector placed within range of the evanescent SPP fields themselves and with only small perturbation to those fields.
